Abstract. type 1 diabetes mellitus (t1dm) is receiving increased attention. to obtain a better understanding of the mechanism underlying t1dm, we performed a proteomic study on a rat model induced by streptozotocin. Pancreatic proteins were separated by two-dimensional gel electrophoresis. eighteen protein spots were differentially expressed (P<0.05) with 2-fold or more increased or decreased intensity in the diabetic rats as compared with controls, of which 11 protein spots were up-regulated and 7 protein spots were downregulated. These protein spots were successfully identified by liquid chromatography-electrospray ionization tandem mass spectrometry. the 60 kda heat shock protein, the carbonyl reductase 1 (cbr1), the hydroxyacyl-coa dehydrogenase, Δ 3,5 ,Δ 2,4 -dienoyl-coa isomerase, the elongation factor 1-δ, the 26S protease regulatory subunit 7 and the transitional endoplasmic reticulum atPase were up-regulated, while the 78 kda glucose-regulated protein, peroxiredoxin 4 and plakoglobin were down-regulated. the expression change of cbr1 which is closely related to diabetic complications was further validated by western blotting. our results and those of the bioinformatics analysis suggest that oxidative stress, the wnt pathway, fatty acid degradation and glucose transport may be closely related to t1dm.
Introduction type 1 diabetes mellitus (t1dm) is a multifactorial disease, which is characterized by the destruction of the insulinsecreting β cells of the islets of langerhans in the pancreas. the destruction of β cells leads to severe insulin depletion, which results in hyperglycemia, because of hepatic overproduction of glucose by glycogenolysis and gluconeogenesis and decreased cellular uptake of glucose from the circulation. the onset of t1dm is involved in different genetic and/or environmental susceptibility determinants, with different mechanisms leading to β cell destruction (1) . increased oxidative stress has been reported to be a participant in the onset of diabetes (2,3), which can cause heavy damage to β cells because of very low amounts of intrinsic antioxidant enzymes in β cells (4) . it has also been reported that the autoimmune attack is involved in β cell destruction of t1dm (5) . However, the exact mechanisms of this disease still remain largely unknown.
animal models are widely used to study the underlying mechanisms and consequences of diabetes (6) . animal models for t1dm include genetic models and chemical-induced models. the genetic models include the non-obese diabetic (nod) mouse and the Bio-Breeding wistar rat. the models of diabetes with the genetic defects may not be ideal for the study of the disease in humans, because these gene mutations are rare in the general population (7) . the commonly used chemical-induced models in the mouse and the rat for assessing the mechanism of t1dm, screening potential therapies for this condition, and evaluating therapeutic options are the streptozotocin (StZ)-induced models (8) . the diabetogenic property of StZ is characterized by the selective destruction of β cells of pancreatic islets, causing insulin deficiency, hyperglycemia, polydipsia and polyuria, all of which mimic human T1DM (9) , thus making this model better fitted for the study of t1dm.
Proteomics is a powerful tool to describe changes in protein expression and modification, and holds the promise of providing major contributions to diabetes research (6) . Sanchez et al built the first reference database of the mouse islet proteome (10). Xie et al performed proteomic analysis of mouse islets after multiple low-dose StZ injections, and found 4 proteins that were up-regulated and 3 that were down-regulated in diabetic mice (11) . in a series of experiments, researchers examined the effect of il-1β on the proteome profile of rat islets of langerhans from wistar furth rats (12, 13) and later in Bio Breeding diabetes-prone rats (14, 15) . they found that differentially expressed proteins from both rat strains were involved in many pathways, such as energy transduction, redox potentials, glycolysis and the Krebs cycle (15) . Yang et al carried out proteomic analysis of remnants of the pancreas after 90% pancreatectomy, and determined that differentially expressed proteins in regenerating rat pancreas were involved in cell growth, lipid and energy metabolism, protein and amino acid metabolism and signal transduction (16) . due to its potential to dissect complex human disorders, proteomics analysis may be used to add insight into diabetes research (6) .
in the present study, we carried out proteomic analysis of the pancreas of diabetic Sprague-dawley (Sd) rats induced by STZ. The proteome profile of the pancreas was assessed by two-dimensional gel electrophoresis (2-de) followed by mass spectrometry analysis (mS) to identify differentially expressed proteins and bioinformatics analysis with the purpose of providing insight into the mechanism of t1dm.
Materials and methods
Animals and diabetes induction. experiments were conducted in 6-week-old male Sd rats (210-230 g; Slac laboratory animal centre, Shanghai, china). rats were housed in a temperature controlled room (22±1˚C) under a 12:12 h lightdark cycle, with standard rodent chow and water ad libitum. the experiments were conducted in accordance with the regulations of the State Science and technology commission for the care and use of laboratory animals (State Science and technology commission order no. 2, 1988). rats were randomly divided into two groups (n=8), the control group and the diabetes group. diabetes was induced following overnight fasting by a single intraperitoneal injection of StZ (60 mg/kg; Sigma-aldrich, St. louis, mo, uSa) dissolved in citric acidtrisodium citrate buffer (0.1 m, pH 4.5; Shanghai chemical reagent co., Shanghai, china). the induction of diabetes was considered successful when blood glucose exceeded 16.7 mmol/l 48 h after the StZ injection. the control rats received buffer alone. Blood glucose was measured using a compact glucometer (accu-check advantage; roche diagnostics, Shanghai, china) on days 0, 1, 2, 3, 5, 7, 9, 11, 13 and 15.
Histology. Pancreases were immediately removed after rats were sacrificed, and then rinsed in ice-cold saline. Pancreas samples for histology were fixed in 10% neutral buffered formalin (v/v), dehydrated in a graded series of ethanol, and then embedded in paraffin. Following embedding, 5-µm-thick sections were cut, stained with haematoxylin and eosin, and observed using light microscopy (x400).
Preparation of pancreas samples. Pancreas samples for proteomics were pulverized in liquid nitrogen, resolved in solution 1 of the readyPrep sequential extraction kit (Bio-rad laboratories, Hercules, ca, uSa) with the following additions: PMSF (1 mM), DNase (20 µg/ml), and RNase (10 µg/ml), sonicated on ice (3x5 sec), and then stored at 4˚C for 1 h. Samples were centrifuged at 14,000 x g for 30 min at 4˚C and then the supernatants were collected. Protein concentrations were determined by the Bradford method (Bio-rad laboratories).
for 2-de analysis, the protein extracts of each animal in the same group were equally pooled according to the protein concentration and stored at -80˚C until use.
2-DE.
three independent experiments of 2-de were performed to ensure reproducibility for each group. 2-de was carried out using a Bio-rad 2-de system following the Bio-rad handbook. Briefly, a 100 µg protein sample was applied for isoelectric focusing (ief) using the readyStrip iPG strips (17 cm, nonlinear pH 3-10; Bio-rad). the strips were placed into a Protean ief cell (Bio-rad) and were rehydrated at 50 V for 12 h, and then the proteins were separated based on their pi according to the following protocol: 250 V with a linear climb for 30 min, 1,000 V with a rapid climb for 60 min, 10,000 V with a linear climb for 5 h, 10,000 V with a rapid climb until 60,000 Vh were reached, and 500 V with a rapid climb for 30 min. after ief, the iPG strips were equilibrated for 15 min in a buffer containing 50 mm tris-Hcl, pH 8.8, 30% glycerol, 7 m urea, 2% SdS and 2% dtt followed by a further equilibration in a similar buffer (but containing 2.5% iodoacetamide instead of dtt) for 15 min and then placed on 13% homogeneous SdS-PaGe gels for electrophoresis using a Protean ii xi cell system (Bio-rad) according to the following protocol: 10 ma/gel for 30 min and 24 ma/gel for 6 h. after that, the gels were silver-stained.
Image analysis and liquid chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS)
. the silver-stained gels were scanned by a GS-800 densitometer (Bio-rad) and then analyzed using the PdQuest software (Bio-rad). the individual protein spot quantity was normalized as follows: the raw quantity of each spot in a member gel was divided by the total quantity of the valid spots in the gel, and normalized spot intensities were expressed in ppm. comparisons were made using the Student's t-test between gel images of the diabetes and control groups. the differentially expressed protein spots (P<0.05) with 2-fold or more increased or decreased intensity between the two groups were selected and subjected to further identification by LC-ESI-MS/MS analysis. Briefly proteins selected were excised from the gels, washed, dehydrated and digested with 12.5 ng/ml trypsin in 0.1 m nH 4 Hco 3 . lc-eSi-mS/mS analysis was performed using a finnigan ltQ mass spectrometer (thermoQuest, San jose, ca) coupled with a Surveyor HPlc system (thermoQuest). Protein identification based on the raw mS/mS data was performed using the SeQueSt software (thermo finnigan) by searching against the Swiss-Prot rat protein database. the identification results were filtered based on the XCorr (1+, ≥1.9; 2+, ≥2.2; 3+, ≥3.75) and the ∆Cn (≥0.1).
Bioinformatics analysis. Various online databases containing experimental information of protein interactions and associations have been set up with the development of high throughput proteomics technology (17) . Bioinformatics analysis of the protein-protein interaction (PPi) was carried out using PPi Spider (18), which is a freely available web-based tool for the interpretation of experimentally derived proteins in the context of a global PPi network. a dataset containing the standard gene symbols of the identified proteins was uploaded and a PPi network was mapped with the default parameter settings.
Western blotting. three independent experiments were carried out for Western blot analysis. An aliquot (containing 40 µg protein) of the pancreas sample was denatured by mixing with an equal volume of 2X sample loading buffer and then boiling at 99.5˚C for 5 min. Proteins were separated by a 14% SDS-PAGE gel and electroblotted onto a 0.45 µm PVDF membrane (Biorad). after the PVdf membrane was blocked in 10 mm PBS with 0.1% tween-20 and 5% dehydrated skim milk, the membrane was incubated with primary antibodies overnight at 4˚C. The primary antibodies used were the goat anti-carbonyl reductase 1 (cbr1) polyclonal antibody (1:2,000; Santa cruz Biotechnology, Santa cruz, ca), and the horseradish peroxidaseconjugated anti-rat β-actin monoclonal antibody (1:8,000; Kangcheng, Shanghai, china). Blots were then incubated with the horseradish peroxidase-conjugated rabbit anti-goat igG (Santa cruz Biotechnology) for 1 h at room temperature at a 1:10,000 dilution and then visualized using chemiluminescence (ecl Plus; amersham Pharmacia Biotech, Piscataway, nj, uSa). the blots were scanned by a doc Xr System (Bio-rad) and analyzed using the Quantity one software (Version 4.6; Bio-rad).
Statistical analysis. Significant differences between the diabetes and control groups were determined by the Student's t-test. the statistical analysis for the PPi Spider was performed using the monte carlo simulation procedure. data are expressed as figure 1. a rat model of t1dm was successfully induced by streptozotocin (StZ) treatment. effects of StZ on blood glucose (a). Blood glucose was measured by the accu-chek advantage glucometer. Blood glucose was significantly elevated in the diabetes group. data are expressed as the means ± Sd, n=8. ** P<0.01, diabetes group vs. control group (Student's t-test). StZ caused damage to pancreatic islets (B) . the sections were stained with haematoxylin and eosin. Pancreatic islets shown are representatives of each group. Scale bar, 50 µm. figure 2. representative 2-de gel maps of the pancreas isolated from control rats (left) and diabetic rats (right). (a) total protein extracts were separated on 17-cm nonlinear IPG strips (pH 3-10) in the first dimension followed by 13% SDS-PAGE in the second dimension and visualized by silver staining. (B) cropped images of the 18 differentially (P<0.05) expressed protein spots with a 2-fold or more increased or decreased intensity between the diabetic and control groups. The numbers correspond to the spot identification numbers listed in Table I . The protein spots were symmetrically circled in the two groups. the ppm volumes of these protein spots are listed in table i. the mean ± Sd. a P-value <0.05 was considered statistically significant.
Results
Rat model for T1DM evaluated by blood glucose levels and histology study of pancreatic islets. after StZ injection, blood glucose levels in the diabetes group were significantly increased compared to those in the control group. Blood glucose levels rose to 21.73±3.9 mmol/l on day 2 ( fig. 1a) , indicating that diabetes was successfully induced by StZ. furthermore, blood glucose in the diabetes group was further elevated by day 15. Histological analysis of pancreatic islets using haematoxylin and eosin staining, demonstrated that StZ caused serious damage to the pancreatic islets in the diabetes group. In specific, islet deformation, irregular distribution of cells, and cell atrophy with karyopyknosis and karyorrhexis were observed ( fig. 1B) .
Differentially expressed protein spots separated by 2-DE.
representative two-dimensional gel images of pancreas of the control and diabetes groups are shown in fig. 2a . each gel resolved up to 2,000 protein spots. the proteome maps of pancreas in the diabetes and control groups were compared with the PdQuest software to identify protein spot variations. differentially expressed protein spots (P<0.05) with 2-fold or more increased or decreased intensity were scored. eleven protein spots were up-regulated and 7 protein spots were down-regulated in the diabetes group as marked with arrows in fig. 2a and highlighted by the expanded plots in fig. 2B . the average intensity values and the standard deviations of the spots, the statistical assay results, and the -fold differences between the diabetes and control groups are listed in table i. the fold-difference is represented by the ratio of the intensity value of the diabetes group to that of the control group.
Identification of differentially expressed proteins by LC-ESI-MS/
MS. after analyzing the 2-de gels, peptides were extracted from each differentially expressed protein spot by in-gel trypsin digestion, and proteins were identified using LC-ESI-MS/MS. the results of the lc-eSi-mS/mS analysis are summarized in table ii, such as gene symbol, Swiss-Prot accession no., theoretical mw/pi, unique peptides and sequence coverage. the results of the lc-eSi-mS/mS analysis of spot 4009 as a representative example are shown in figs. 3 and 4.
Protein interaction network by bioinformatics analysis. the PPi network created by PPi Spider covered 10 identified proteins ( fig. 5) . notably, 10 proteins were connected by the intermediate protein, Glut4 [solute carrier family 2 (facilitated glucose transporter), member 4], which promotes the transport of glucose from the blood to target tissues (19) .
Validation of Cbr1 by Western blotting. western blotting was used to validate the expression change of cbr1 between the diabetes and control groups. consistent with the proteomics results, cbr1 was also found to be up-regulated in the diabetes group ( fig. 6 ).
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Discussion
the rat model of StZ-induced t1dm is commonly employed in the field of diabetes research (8) . In the present study, this rat model of t1dm was successfully established as demonstrated by the observed hyperglycemia and damage of the pancreatic islets. using 2-de/lc-eSi-mS/mS proteomic analysis, we compared the proteome maps of the pancreas of StZ-induced diabetic rats with those of the normal controls, and identified 18 differentially expressed protein spots. we found that a consequence of StZ-induced stress is the increased activity of 60 kda heat shock protein (HSP60). HSPs belong to chaperones which can protect the cell from Fig. 3. (B) A sequence was confirmed from the labeled b-and y-ions in the spectrum. Fragments observed in the spectrum are assigned. harmful conditions, such as oxidative stress, extreme temperature changes and toxic drugs (20) . nevertheless, it was also reported that HSP60 may play a role in the onset of t1dm. nod mice develop insulitis and diabetes through a process involving autoimmunity to HSP60 (21) , and the increased HSP60 in fibroblasts may be pathophysiologically related to the development of nephropathy in t1dm (22) . whether the increased expression of HSP60 delays the onset of t1dm is intriguing. GrP78 is an endoplasmic reticulum chaperone whose expression is increased upon endoplasmic reticulum stress (23) . in our study, GrP78 expression was suppressed in the pancreas of diabetic rats. it was reported that treatment of cultured rat fao liver cells with high levels of glucose resulted in reduced GrP78 expression (24) .
the increased oxidative stress in the StZ-induced diabetic model was also reflected in our study by the up-regulation of cbr1 and the down-regulation of peroxiredoxin 4 (PrX4). cbr1 has received much attention, since it is related to diabetic complications, representing a significant pathway for the detoxification of reactive aldehydes derived from lipid peroxidation (25, 26) . Both proteomics and western blotting demonstrated that cbr1 was significantly increased in the pancreas of diabetic rats, suggest the increased lipid peroxidation in StZ-induced t1dm. Peroxiredoxins are a family of newly discovered enzymes with an antioxidative function, consisting of six members in mammals (27) (28) (29) . Bast et al (30) reported that PrX1 and PrX2 were up-regulated in the cultured insulinoma cells exposed to various stress agents, including the diabetogenic substances, alloxan and StZ. However, in our study, we found that PrX4 was down-regulated (over 2-fold) in the pancreas of diabetic rats, which may result in less capacity to attenuate oxidative damage and contribute to the progressive deterioration of β cells.
the wnt pathway is one of the central pathways that control organismal growth and differentiation (31) , and is critical in pancreatic development (32) . it also plays a very profound role in glucose and lipid metabolism (33) . in the present study, we found that plakoglobin, also known as γ-catenin (34) which was reported to play a unique role in the wnt pathway (35, 36) , was down-regulated in the pancreas of diabetic rats. it has also been reported that oxidative stress can antagonize the wnt pathway (33) , while this pathway can inhibit apoptosis during oxidative stress (37) . in mice, the wnt pathway is necessary for the proliferation of islet β cells (38) , leading to β cell expansion, increased insulin production, and enhanced glucose handling. thus, oxidative stress and the wnt pathway may be closely related to t1dm, as supported by our proteomic results.
in the absence of insulin, there is an increase in fat breakdown and fatty acid oxidation (1). Hydroxyacyl-coa dehydrogenase (HcdH) participates in the degradation of straight-chain saturated fatty acids, and Δ 3, 5 ,Δ 2,4 -dienoyl-coa isomerase is implicated in the degradation of fatty acids with double bonds (39, 40) . the up-regulation of these two enzymes indicates an involvement of increased fatty acid degradation of the pancreas in StZ-induced t1md. a large body of research has demonstrated that enhanced delivery of fatty acids to non-adipose tissues can lead to both impaired glucose-stimulated insulin secretion and insulin resistance (41). elongation factor 1 plays a role in protein synthesis. it was up-regulated in the pancreas of diabetic rats. the 26S protease regulatory subunit 7 was also increased. it has previously been reported that the proteasome complex (26S) plays a role in the il-1β-induced inhibition of β-cell function (42) . energy transduction abnormality was also found as manifested by the up-regulation of transitional endoplasmic reticulum (ter) atPase. a previous study showed that ter atPase was increased in rat islets of langerhans treated with interleukin-1β (13) .
a functional analysis of protein-protein interactions revealed that most of these differentially expressed proteins were associated with the protein Glut4. considering that Glut4 is closely related to type 2 diabetes (43) and since StZ is selectively accumulated in pancreatic β cells via Glut2 (44, 45) , and insulin-producing cells that do not express this glucose transporter are resistant to StZ (46, 47) , it may be that in the present study Glut2 affected the biological process of glucose transport. Studies also showed that Glut2 protein and mrna expression was decreased in the pancreatic islets isolated from mld-StZ-treated mice (47, 48) , which may contribute to the protection of islet cells from an excessive influx of glucose, and consequently a reduced intracellular protein glycation and free radical generation. in summary, based on 2-de/lc-eSi-mS/mS techniques, we identified 18 differentially expressed proteins in the pancreas of diabetic rats induced by StZ. HSP60, cbr1, HcdH, Δ 3, 5 ,Δ 2,4 -dienoyl-coa isomerase, elongation factor 1-δ, 26S protease regulatory subunit 7, ter atPase were up-regulated, while GrP78, PrX4 and plakoglobin were down-regulated. these results and the bioinformatics analysis suggest that oxidative stress, the wnt pathway, fatty acid degradation and glucose transport may be closely related to t1dm. our study provides potential biomarkers for t1dm and new clues for future diabetes research.
